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ABSTRACT 

Slope Stability is one in a series of single-topic 
problem modules intended for use in undergraduate and earth science 
courses. The module, also appropriate for use in undergraduate civil 
engineering and engineering geology courses, is a self-standing 
introduction to studies of slope stability. It has been designed to 
supplement standard introductory geology laboratory exercises, 
providing text, problvBm, and laboratory materials sufficiently 
flexible to satisfy the needs of widely varied classrooms and 
instructional situations. Background information may be supplemented 
with material in other texts. Problems may be done independently of 
or in conjunction with the laboratory exercises. Topics (with related 
text, problems, er.periments) focus on forces at work, nature of 
materials, nature of movement, mass-movement classification, 
landslide recognition, stability analysis, landslide 
control/correction. Additional, miscellaneous experiments (man-made 
slope instabilities, quicksand, piping, rapid reservior drawdown) and 
examples of types of mass movement are provided. Module 
equipoient /materials and grain-size scales for sediments are included 
in appendices. Like other modules in the series, this module is 
inquiry-* and problem-oriented, dealing with interdisciplinary, 
contemporary, and pragmatic aspects of the subject matter. It is 
designed to be open-ended so that ideas can be incorporated into 
higher level classwork. (Author/JN) 
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FOREWORD 



This publication is another in a scries of singlcctopic problem modules intended for use in undergraduate 
geology and earth si^ieni^e courses. This module is also appropriate for use in undergraduate civil engineering 
and engiueering geology courses. It was prepared under the direction of the Instructional Materials Program 
(IMP) panel of the Council on Education in the Geological Sciences (CESS) a project of the American 
jGeoIogical Institute (AGI) supportel" by the National Science Foundation and is presented througli the 
cooperation of the McGraw-Hill Book Company, 

Each module in this series serves as a model from which modern aspects of concepts basic to geology 
can be introduced. Like other modules in this series. Slope Stability is inquiry and problem-oriented and 
deals with tnterdtsciphnary, contemporary, and pragmatic aspects of its subject matter matter difficuh to 
treat in a more typical textbook fashion. All modules in this series are designed to be open-ended so that 
ideas from them can be incorporated into higlier level class A^ork. They should inspire teachers to develop 
similar materials in areas of their own interest and competciice. 

It is intended that all modules be capable of being used alone, either as fully integrated 
text/mamial/laboratory materials or as a supplementary resource to other course materials. Therefore, they 
are designed to be self contained, and their written parts are arranged in a manner that can be adapted to 
special local needs or conditions. Some are eSSf uially a single laboratory exercise^ others miglit occupy 
nearly an entire semester to complete satisfactorily. Their breadth is as variable as tllfir depth. 

Slope Stability is intended to give students broad insiglit into a host of mass-movement phenomena 
and related natural features, whether influenced by human activities or not. The apparatus and tex^ all 
available from the publislier together axe a springboard from which many other useful investigations 
may be launched. Some users may have their own visual aids to accompany the text and illustrate 
problems. A few may prefer to build their own apparatus, which n)ay, but need not, be similar in design/to 
that available commercially from the publisher. 

Early in 1967 while he was director of CEGS, JohnW. Harbaugli introduced the idea of presenting a 
module series. Raymond Pestrong, experienced in geomorphologic research in California and Louisiana, 
where he could observe many of the features and phenomena about which this text is concerned, was 
responsive to the suggestion that a mass-movement module be developed. In its various versions each 
iteration a large improvement over its predecessor -the module was tested by about 200 students. . 

As author, Raymond Pestrong deserves a hero's medal for his willingness to accept criticisms and 
suggestions. Feedback to him from the editors was based in large measure on the many student and faculty 
comments received* , ^ 

Among the geologists and students who were especially helpful in their reviews of the materials are 
John W. Harbaugli (Stanford University), David Cuinmmgs (Occidental College), Jackson E. Lewi.<; (CEGS), 
F. D, Holland, Jr. (University of North Dakota), and David Ribeca and Robin Salo (Governors State 
University). Several other faculty members at institutions around the country have had an opportunity to 
review earlier versions of the module* Its long gestation (the first version was tested in 1968) attests to the 
module's evolution-always based on prior evahiation. 

John DeRoy and, later, Richard J. Sederstrom worked with Hickok Teaching Systems to help develop 
the necessary apparatus for commercial distribution. Martin A. Torre of th(f AGI staff photographed the 



apparatus. Oilier photographs are by the author Permission was received from the National Academy of 
Sciences Highway Research Board to reproduce parts o( plate I (in Varnes, \ %^) as Figure^ 10 to 14, and 
Table L CEGS and AGI support staff who assisted in the manuscript typing are thzabeth A. Bennett. 
Marilyn M, Lerette. Diedre i. McKenzie, and Jane F. Parit/ky. The careful eye of Jackson I: lewis greatly 
simplified our task during tlie end-stage processing of the module. 

Our appreciation is extended to all the above for their contributiors to this work. 

Peter Feniier 
Governors Stale University 
George R. Rappjr. 
University of Mnmesota 

/- 



PREFACE 



This aiodulc 15 a ^elf stanJing introJuctiun to studies of ^lope ^tabilii). It Udii beeirJesigneJ to supplcincnt 
^tandaid iiitroductur> geology laboratory exercises a^ the iieeJ or the interest arbc^. Because of the ver> 
pra>.tiLal application^ of the subject « the module should interest ^tudent^ who can :^ee little relevance in the 
more traditional aspects of the standard introductory laboMtones, it will probably niterest most those who 
{TCfceive most dearly the need for lU study, so rckvaiUi should be stressed as an esp^ially signiHcant 
attribute of the subject. It is hoped that environmental geology courses also wil! be developed wherein this 
module wilhbe appropriate. ' ' . 

My intent has been to present a self-contained package of text, problem, and laboratory materials 
thai is sufficienti) tlexible to satisfy the needs of \videl> varied dassru^^in and instructional situations. The 
background reading material may be niiniinized if the niodille ts used in conjunction with a textbook 
presenting the same information, however^ in keeping with CEGS*s modular concept it has been uicluded 
for use especially in a course or individualized study pro^riUii without a suitable textbook. The quantitauve 
^nd descriptive problenjs may be done ijidividually or with the accompany ing laboratory experiments, 
many of the problems be done at hume after souie preparatory reading, Init the experiments require 
use of the equipment described briefly in Appendix A and in greater detail where appropriate in the text. 
Before attempting the experiments, students should consult Appendix A to identify the components 
provided in the equipment package as well as additional materials that are not supplied. 

When the module is used in an introductory geolugy laboratory, individual problems that appear to 
/4esi satisfy the needs of a particular class should be. selected oi modified by the instructor. Bear injnind, 
thougl), that the module is not meant to be completed in a single laboratory period. Additionally , case 
* histories of landslides that have occurred nearby should be used as much as possible, and Held tiipss whcie 
feasit)le, will increase greatly^ the breadth of experience and understanding. 

As one progresses througli the module, the following important questions should be kept m ntind. 



1 What fopces cause landslides? 

2 What factors control theirvariety of formandjmode of development? 

3 What are the different kinds of landslides, andliow.can we recogni/e them? 

4 How can we determine whether a dope is unstable? 

5 'What can we do to correct an unst|ible«slope situation? 

6 How are luinian activities presently atTectingthe stabijity of -slopes . 
in areas undergoing development? 



ERIC 



Raymond Pestroiig 



1.3 ' ' 



XI 



/ 

/ 



INTRODUCTION 




The Vaiuni Dam in the Italian Alps was to be an engineering marvel a masterpiece in cv)iicrete and steel. 
And indeed it was. When completed in 1959, it was the highest and certainly one of the most beautiful of 
the thin arch dams ni the woMd. Rising 266 meters above the deepl> iiici&d canyon of ihe Vaiont River, 
this graceful structure backed up waters for 6 kilometers, creating a reservoir of impressive dimensions in a 
deceptively peaceful setting. 

On October 9, 1 963, the serenity of this alpine scene was shattered when 240 million cubic meters of 
ttjck suddenly slipped as much as 600 meters down the southern side of the canyon, displacing a great mass 
of air, rocks, and water, which rose more than 260 meters up the opposite canyon wall. Within 60 seconds, 
suftlcieut debris had fallen into the reservoir to raise its level 1 50 meters. Subsequent waves of water, using 
as high as 100 meters above the top of the dam, destroyed everything in their path for miles downstream. 
Preceding the water, a tremendous blast of air knocked over trees and small structures, serving as an eerie 
warning of the watery devastation to follow. 

Remarkably, the dam itself, a superbly engineered structure, withstood the onslaught with minor 
damage, a fact of insignitlcant consequence to those who suffered downstream. The enormous landslide 
resulted in the worst dam disaster in history, claiming more than 2600 livos and setting up earth tremors 
that were recorded as far away as Brussels, a distance of more than 600 kilometers. 

The glamour surrounding the consuuction of this technological showpiece was indeed siiort lived. 
Subsequent litigation dragged on for years, and the reservoir has never again been filled to its intended level. 
Saddest of all, however, is the fact that the geologic conditions at the site were such that a major hindslide 
could have been predicted. The rocks comprise a thick sequence of limestones with clayey mterbeds tliat 
had been deformed by mountain-building forces and was later Scoured by glaciers. When the glaciers 
receded, the rapid unloading allowed the rocks to expand which Jn turn, caused them to fracture in a /one 
roughly parallel to the walls of the present canyon. These fractures became enlarged as the Vaiont River cut 
downward to expose, ultimately, a weak /one of highly fractured and layered luck dipping gently into the 
canyon walls. 

in prehistofic time, a large landslide occurred, within tl^^ inner valley of the reservoir, distorting the 
rocks throngliout the uppermost section of the 1963 slide area. In 1960, a slide of 700,000 cubic meters 
Occurred along the southern bank of the reservoir, this was accompanied by creep, which set up a pattern of 
cracks that eventually delineated the approximate limits of the 1963 slide. After the reservoir began to fill 
in 1960, the cohesive forces within the rocks were weakened by the buoyant force of the water, and slow 
dowiiilope movements were initiated. These movements, increasing to more than 40 centimeters per day, 
were noted by late September 1963, but by the time reme4ial action was taken, it was too late, and at 
10:41 P.M, oif October 9 the disaster occurred. 

It is a tragic fact,, reflected elsewhere on numerous pccasions throngliout history, that m restrospect, 
those in charge recognize that calamities could have been prevented. The geologic evidence at the Vaiont 
site was present, but it was neither investigated nor heeded. In this instance, the engineers were dearly 

1 



equal lo the task, but unfortunately the task was not outlined -a job that should have been the geologists . 

Occurrences such as the Vaiont landslida^ve been taking place throughout recorded history and are 
shown in the rock record for prehistoric times. Tfiese massive movers of earth materials are among the most 
spectacular of natural processes, both because of the rapidity with which they occur and because ot the 
great volumes of material often involved. While certainly the most impressive ol downsiope iiiovciiients, 
they represent but one extreme in the continuum of slope-forming processes. In the most common 
ii'istances, soils fonned on the surface of the earth by the weathering of rocks are eroded and redistributed 
by some- transporting medium such as wind, water, or ice. In this module, we will not be concerned with 
those materials carried by a transporting medium; rather we will consider only those mateiials moved 
downsiope under the direct mtluence of gravity. This movement may involve either single discrete particles 
or aggreeates of material, and it is termed mass wasting. 

■ When mass wasting involves only consolidated bedrock, the underlying natural controls are purely 
geologic and involve lithologic or structural factors. An example of a lithologic control is the sliding ot a 
massive sandstone layer over a thin, moist bed of clay. Structural controls, on the other hand, include 
failures along joint or fault planes or along other /.ones of structural weakness. Problem 1 illustrates 
diagramniatically examples of slopes cut into bedrock slopes of types that abound in nature and ate 
subiect to failure for lithologic and structuiai reasons. 




c Horizontal beds cut by a fault inclined toward one side of the road cut 



Problem 1 



s 



The crois sCctiom below arc o\ slopes composed of coiibolrddted bedrock in a variety of strtictural and 
lithologic setlitigb On eadi cro^s section, show how the slopes might fail, and tlien redraw the cross section 
in the space to the right ofeadi diagram, showing how the slopes might have been cut to prevent failure. 



(/ Fractures m igneous rock 




hi which of the examples would failure probably be restricted to just one side of the road cut? 

abed 

Explain the geologic (structural or hthologic) factors most likely lesponsihle for the failure in each 
example. 



b ^ 



Although other geologic factors might influence somejidesin unconsolidated sediments or soils» the 
major controls usually involve soiUstrength parameters. A failure m aslope composed of uniform suds, for 
example, might occur after a rainstorm if clays in the soil absorbed a gieat deal of moisture, thereby adding 
weight to the slope and reducing the strength of its earth materials. Figure I shows that, while reck .slope 
failures generally occur along well-defined planar features related to s*onie form uf bedding or jointing, 
failure surfaces of soil slopes are usually arcuate in profile. 
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Rock slope Soil slope 

PIG. 1 Examples of typical failures in rock and soil slopes. 
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FORCES AT WORK 



Any elevated object at rest (whether soil, rock, or man-made) possesses a potential to move downward to a 
lower level. The source oUnergy necessary to provide the force to move that body down a slope is gravity, 
which IS universally present. The magnitude of {\\\s gravitational force is a function of the masses of the 
bodies of material involved and the distance between them. 

Whether or not a large rock resting near the top of a slope actually moves downward is determined . 
largely by the relative magnitudes of (1) the forces tending to initiate downslope motion (gravity acting on 
Its mass), and (2) the forces tending to oppose this motion (the force o( friction between the rock and the 
surface on which it is resting). 

The force of gravity, the driving force.behind all mass movements, is always directed toward the 
center of the earth-the focus of the greatest concentration of terrestrial mass. Components of gravity, 
however, act along any inclined surface in such a way that the steeper the inclination, the greater the 
component of force tending to initiate movement down the slope; thus, objects move down steeper slopes 
more readily than down gentler ones. Figure 2 demonstrates the force relationships involved wiien an 
object, in this case a block, rests on an inclined surface. 

Because the block in Figure 2 can move farther downslope, it \vd$ gravitational potential energy -ix 
measure of the work it might do if it moved. Were such movement initiated, the potential energy would be 
converted to energy of motion, kinetic energy. Jf the block does move, when it comes to rest at a lower 
elevation, it will have lost its kinetic energy and will have a new, but lower, value of potential energy. 




0 a slope nnglc 

IV* weight of block 

W cosO component of weight 

pushing into slope 
W sin 0 « component of weight 

acting down slope 
/* coefficient of friction 
(dctcrmmed cnii^irically) 
a force of fricllon (total 
force resisting motion) 
»f{W cosO) 



W cosO 



FIG. 2 Forces acting on a block on an inclined plane. Downward motion of tho block occurs when the driving force (tV 
sihO is greater than the resisting force (F " / (Wcos 0)1 . 
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lliereb> liaving atunned a pi)sil!on imiJi closer to its lowest possible eiiergy level a condition of greater 
stability, 

Tlie basic laws of friction for dry surfai^s indicate that the niuxiinuiii fnctional force that can be 
developed is ( 1) proportional tu that component of the weight pubhuig into the blupe, and (2) indepciMcnt 
of the contact area. 



Referring to the table of trigonometric 
functions and to Figure 2, determine the 
following: <i 

a As the slope angle increases, what hap- 
pens to W sin 0 (the driving force that 
starts motion)? 



Table of Trigonometric Functions 



Slope 
angle 


Sin 


Cos 


Tan 




0.000 


1.000 


0.000 


30' 


0.500 


0.866 


0.577 


45" 


0.707 


0.707 > 


1.000 


60' 


0.866 


0.500 


1.732 


90' 


1.000 


1. 000 


infinity 



As the slope angle increases, what happens to W cos 0 (the force pushing into the slope that 
contributes to resistance to motion)? 



What do you conclude as to the relationship between the gradient of the slope and the tendency 
to initiate downslope motion? 



Laboratory Experiment 1 



77/e optimum arrangement in this and every experiment in this module is for two or three students to work 
together with each set of equipment and materials. 



Equipment 

Inclincd-planc apparatus t 

Sandstone block 

Protractor 

Lead weight 

Plastic squeeze bottle 

Plastic pan (optional) 



Procedure 

Assemble the inchned-plane apparatus (Fig. 3), tacking the sheet of fine sandpaper (1 20 grit) to one side of 
the first board, leaving the smooth surface of the other side free; on the second board tack the sheet of 
"clay" paper (600 grit) to one side and the sheet of coarse sandpaper (36 grit) to the other. (Because the 
final steps m this experiment involve the use of water, it may be advisable to install the apparatus in a 
plastic pan to prevent water damage to unprotected underlying surfaces,) 

a With the sandstone block resting on its largest side at the top of the board bearing the **clay" 
sandpaper (600 grit), raise the lop of the board against the vertical member 'of the base, 
increasing the slope gradient by small increments until the block slides all the way down the 
slope. Measure the slope angle with the protractor, and note the value. Repeat the procedure, 
note the second value, and then determine the average slope angle necessary to initiate and 
maintain downslope motion. Under "Surface* Clay" on line 1 of the data sheet that follows, 
enter the values you measured and calculated in the appropriate boxes C*Run 1,'' "Run 2,'' and 
**Averagc"). 





FIG 3 Inclintd-apptrttus, with windstont block and lead weight near top of instalHd board, protractor In right 
fortground, plastic squetzt bottit at left ct nttr, and second board to left bearing tackidniown sandpaper sheets, {Photo by 
M. A. Torre.) 
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/) Repeat step a, but place the sandstone block on the fine sandpaper (120 grit). Enter the values 

under **Surface, Fine Sand** on Ime I of the data sheet. 
c Repeal step a, but place the sandstone block on the coarse sandpaper (30 grit). Enter the values 

under ^'Surface, Coarse Sand'* on Hue I of the data sheet. 
d Repeat steps « to c with the block resting on its smallest side, and enter the values on line } of 

the data sheet. 

e Repeat step^ a to d with the lead weiglit added to the blocks, and enter the values on lines 2 and 
4 of the data sheet. 

/ Repeat steps a to e, but first wel the sandpaper surfaces with water from the plastic squee/,e 
bottle. Enter the values in the appropriate boxes on lines 5 to 8 of the data sheet. 



Experhnent I Data Sheet Slope angles required to initiate downslopc movement 



MATERIALS 

AND 
CONDITIONS 


SURFACE 


Clay 


Fine Sand 
(Slope angle, 
degrees) 


Coarse Sanl 


Run 1 


Run 2 


Average 


Run 1 


Run 2 


Average 


Run 1 


Run 2 


Average 


DRY 


Sandstone block 
(large surface) 

IM 




















[1] with weight 




















Sandstone block 
(small surface) 
[2] 




















12) with weiglu 




















WET II 


Sandstone block 
(large surface) 

in 




















[1) with weight 








\^ — 












Sandstone block 
(snia]l surface) 
12] 




















[2] with weiglu 





















Why are different slope angles necessary to initiate motion of the same block (with the. same 
orientation) on the three difterent surfaces? 



2o 



What do you conclude concerning the role of the following factors in initiating motion of a block on 
an inclined plane? 



a Slope material 



_ 



b Area of contact surface 



c Weight of the block 



d Moisture 



Q 8 2i 

ERIC 



Laboratory Experiment 2 



Equipment 

i» 

Inclined-plane apparatus 
Two beverage cans 

Plastic measuring cup ^ 
Protractor 
^Plastic pan 

Procedure 

Place two empty beverage cans one with holes in its bottom, the other without beside one another on the 
smooth (unpapered) inclined-plane surfa^^e. Then fill both cans with water from the plastic measuring cup, 
and mcrease the slope of the inclined plane until one can moves, then the other. (To prevent water damagp 
to unprotected surfaces, it may be advisable to install the apparatus in a plastic pan.) 



At what gradient did the can with the perforations begin to move? 
Al what gradient did the other can begin to move? 

Account for any difference hi the gradients required to cause both cans to move. 



List naturally occurring geologic conditions where this effect might be significant. 



a 



b 



c 



Slopes may become overly steep and unstable through a variety of natural and man-made processes 
(such as undercutting of the base of a slope by a stream and bulldozing away the toe of a slope). Stability is 
achieved naturally when the slope materials have adjusted to a condition of lower gravitational potential 
energy. However, this a^astment may involve some form of landsliding, and when it occurs near nian»made 
structures, it may beco* costly and hazardous. The goal, then, is to find and correct the slope instability 
before the slope fails. (The subject of landslide control and correction will be discussed in detail later in this 
module.) 
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NATURE 

OF THE MATERIALS 

/ 



Thus far we liv.ve dealt solely with movement of an 4i,ola(ed rotk down a j>lopc. However, most surficial 
materials are combinations of rock and soil and involve sUenglli considerations that are a function of the 
inleraction of ihese materials and water. The amount of water present is often the most important single 
factor affecting slope instability. 

Although gravity influences all particles equall>, the resistance to liindslidiiig mobilued by soil and 
rocks differs. In this section we will deal with the factors affecting the strength of soil particles and 
demonstiate the role these play in resisting slope failure. Although soil andsQdiinent niAy be differentiated 
readily on the basis of their origin, they may exhibit similar physical properties. For this discussion, soil 
may be regarded as an organically rich, fine-grained, poorly sorted sediment. 

, All soiK sediment, and soil and rock combinations owe their strength to frictional and cohesive forces. 
Fuithermore, a simple, fundamental distinction ma> be made between two major groups of soil or sediment 
based on these properties. Fine-grained sediments (fine silts and clays) possess the ability of 

individual partules lo attract and stick to one another. This important property is the result of electrostatic, 
forces acting beJwoen the individual particles. These forces arc the- result of tl;e attraction between the 
particles due lo theit electric charge and are effective with only the finest sediments. 

Sediments coarser tluin clays and fine sdts are relatively unaffected by electrostatic forces and are 
ternied noncoliesive. These materials (coarse silt, sand^and gravel) obtain their strength from ihcfrictiomi 
rei/s/a/ke developed when individual grains move against one another. All materials have unique friction 
values, but the total frictional force is also a function Of llie weight of the ovedying sediment forcing the 
grains together. 

Friction values define a rough range" of slopes that materials of similar size, shape, and composition 
Avill form if allowed to fall freely through the air upon one another. The inclination of the steepest slope 
any given material can maintain naturally is known as the angle of repose^ of that material For most 
materials, the angle lies between 25 and 40*" and depends primarily on the angularity and sorting of the 
constituent particles. As would be expected, the more angular materials interlock readily to form steeper 
slopes, also, if the materials are poorly sorted, the fine partiJes fit among the coarser grains to stabilize the 
slope. Natural slopes steeper than about 40^ are very rare. 

Particles moving down a slope steeper than the natural angle of repose for that material have a much 



As the roundness or sphericity of particles increases, the angle of repose should 
As the angularity of particles increases, the angle of repose should 
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Whnl etfecls should the bize distribution of the material have on the angle of repose * 



Would the slopes mamlanicd by a sedimen I in air be the same as those formed under water*^ 
Explain. 



\ 



greater chance of reaching the bottom than particles moving down a slope gentler than the angle of repose ^ 
\{ IS also more likely thai particles are dislodged more easily from sleep slopes than from gentle ones 
' - If loose noncohesive particles do not adhere to each other, how can we explaui the vertical walls that 
children know will stand when they build sand castles at the beach? The answer lies in a special type of 
cohesive force caused by the surface tension of a thin film of water that elTectively binds sand-size particles 
in a partly saturated state (i.e., when both air and water are present in the voids among the sand grains) 

Moisture in soil can be present in two forms, as adsorbed films surrounding the grains and as free 
water occupying part of or all the voids among the grains. If the voids are only partly filled, the moisture is 
discontinuous (Fig. 4), 




FIG. 4 Partlcle-watar^r rtlatiomhips In a partly saturated soil (greatly magnified). 
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The boundary between the air and water m the voids is particularly important. The unbalanced 
molecular alttattion of the water at this boundary gives rise to surface tension, a force acting parallel to the 
surface of the water in all directions, similar to the tension in a tiglul> stretched rubber membrane^. 
Surface-tenMon phenomena explain whv a glass of water can be filled so that water extends above the level, 
or lip, of the container without spilling down the side. 

The attraction between water and soil particles causes the waler to extend itself along the buundai> 
of the particle and develop a tensile stress. This negative stress in the water produces an attraction between 
adjacent soil grains, forcinjj them together. As this stress acts aFthe air water interface, it is destroyed on 
desiccation (drying out) or complete saturation. Partly saturated noiicohesive soils often ace able to 
maintain vertical slopes while in this condition, which is called apparent cohesion. 



Why IS apparent cohesion destroyed when a partly saturated soil is desiccaled or completely 
saturated? ii 



As most failures in soil slopes are shear failures (Fig, 5), some discussion of shear strength is 
appropriate. Shear strength is a f^^i of resistance to deformation and is the major structural property of 
so:ls. Because of shear strength, earth materials remain in equilibrium when their surfaces are nut level, on 
the other hand, true liquids, which have no shear strength, will in time flatten out and attain equilibrium 
with a level surface. 

Most soils are con\posed of mixtures of cohesive and noncohesive materials such as clays and sands, 
respectively. Soil strength is derived from the cohesive qualities of the days and ihcfrictional resistance of 
the sands. The equation for the shear strength of soils, therefore^ contains both these physical properties as 
fundamental parameters: 



Shear failure 



I t 



3%, 



Tensile failure 



ia) ih) 



ic) 



FiG. 6 Shear and.tonjile failures of natural materials, ^hear failures are generally iHe ro'>olt of (a) compression or ib) two 
forces not in line, acting opposite one another so that one body slides over the other, (c) In tonsUe failure* the two forces 
act along the samt line but in opposite directions. 
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*V = r f tan 0 

where 5 = shear strength 
C = cohesion 
0 = overlying load 

0 = friction angle, reprcsenuiig frictional rcMstance to sliding 

Although the vaiue of cohesion is unalTected b> the overl>nig load, the rrictu)nal resistaike to sliding 
IS directly related to this foice and will increase as the load nicreases. 



For a pure v.la> with high valucD ufwohesion and a theoretical rri».tKm angle of /eru, the sheai strength 

equation may be modified ♦ >^ 

♦ 

For a pure noncohesive sand with a high friLtion angle, the shear j^treiigth Ci[uaiiun may be modified to 



Laboratory Experiment 3 » 

Materials of single and mixed grain sizes will bo. used in this and subsequent experiments, Prc:^nte*i m 
Appendix B is a summary of the gejierall> recognized size hinit^ of ^edmiciitary paitwles, the names applied 
to the particles, Sffd the scales used to measure them. 



Equipment 

Landslide box 

One«foot grooved plastic ruler 
Clay 

Fine sand 
Piston cofer 

Shcar-btrength testing apparatus 
One^thousand-milliliter graduated cylinder 
Red rubber hose and clamp 
Sieves (optional) 

Procedure 

a Assemble the landslide box (Fig. 6) with the three solid rubber stoppers inserted into its bottom 
from below In the box prepare a lO centimeter higli mixture of partly saturated fine sand and 
clay having the consistency of a stiff, viscous paste. (Tlii. mixture should be prepared at least 2 
hours before tht experiment is to be run and fliould remain undisturbed for that period of time. 
After the experiment is completed, the mixture should be dried, preferably m a drying oven if 
one is available, and may be either stored m a mixture for use by others or sieved and the 
components returned to their respective containers.) 

h After attaching securely the rectangular wooden base of the shear strength testing apparatus to a 
lable wiih ihe C clamp (Fig. 7), obtain a core sample of the mud from the landslide box by using 
the piston corer (Fig, 6) as follows: With the piston flush with the lip of the corer tube, positidn 
the corer vertically on the surface of the mud. Holding the piston in place on the surface, force 
the corer tube down past it as far as it wdl go. Withdraw the entire corer frohi the sediment, and 
carefully extrude the core onto the wooden base of the diear strength testing apparatus midway 
between, and in line with, the two holes. Then, measure the inside diameter J of the corer, and 
determine the cross-sectional area /I of the core according to the relationship 
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FIG 6 Undslfde box, wUH back w.U to left and front will to right. Movable wall, handle, and wall pm arc irtstaMed 
.ns«ie bo'x: three solid rubber stoppers ere inserted mto bottofn of box; and plast.c syringe .s clamped to b?ck wal The 
slotted block. ^ccor.moda,.ng ruler m later exper.ments. hes beh.nd syr.nge. Note that syr.ngys connected by .ub.ng to 
s,nglc-hole stopper rest.ng on gauze filter. To r.ght of landsl.do box .s piston corer. .n front of box are plast,c ruler and 
steel ball. (Ahofo by M. A. Torre.) ■ ^ • ' - 



c Measvrc the original height of the core, and record this value and that of ils'cross-sectional area m 
the apiropriate spaces on thr^xperiment 3 Data Sheet; also draw the shape of the coTe in the 
.spaceVovided. Place the trapezoidal Plexiglas (upper) plate of the load applicator on tlie core, 
"and attach with cotter pins the 5/16-inch dowels at their tops to the pldttr and aftheir bottoms to 
the similar Vlexiglas plate affixed to the top of the plastic jar. Then, fill the graduated cylinder 
with 1000 milliliters qf wjter. and place one end of the rubber hose near the bottom of tlfc inside 
of the cylinder, allowirtfit to curve gently out of the top ofllie cylinder. Tape the hose loosely 
to the outside of the cylinder near its top. and attach die clamp to the hose several inches below 
the tape (to regulate the flow of water). Finally, insert the loose end of the hose into the plastic 
• jar through the hole in its top. and start the flow of water into the jar. adjusting the rate of How 
to about 250 milliliters per minute. 

d Note the load (the volume of water removed from the graduated cylinder) and the deformation 
(the decreased height of the core), and record these figures on tiie data sheet: delorma.tion 
readings should be made rougl»ly every 25 njilliliters. the frequency depending on the stiffness of 
the sediment (which controls its rate of failure). Continue this procedure until failure occur: ob 
until the core is sliortened by at least 20 percegt of its original height. , ^ \ 

e Measure and record on the data sheet the final heiglit of the sediment core when it fails. Dxaw the 
shape of the core in the appropriate space, paying special attention to the angle of the failure 
plane. Describe the failure of the core. (That is. did moisture beads po«r from the mud s inferior? 
Were there any tension cracks? Wiat was their orientation? Did the rate of deformation vary?) 

/ Plot the load and deformation daia on the graph that Jollows the data sheet. From this 
load-deformation curve, ont- can determine the shear strength of the mud (in grams per^ square 
. centimeter, g/cm^) according to this relationship: 

■> ■ 
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FIG. 7 Shear-strength testing apparatu^ attached with C ctamp to table. Note corer Vesting on rectangular shaped base 
and core sample ixlweon top of base ami free trapezoidal Plexiglas plate, plate is part of toad applicator and is connected 
with cotter-pinned small dowels t<r^ond Plexigtas plate attached to screw top of plastic jar. The load, water, flow* from 
graduated cylinder through rubber tubing into plastic jar. {Photo by Hickok.) 



I fuilurc load, g 

Sliear strength = ^ 



- original cross-sectional area of the core, cni^ 



(When failure does not occur, use the load at 20 percent defonnation as the failure load.) 
TJie angle of internal friction of the sediment may be approximated by the reljitioiiship 0 - 90 
2 oc. where 0 is the angle of internal friction and « is the angle between the failure plane and the 
horizontal. 



As the friciion angle for the sediment increases* what should happen to the angle between the failure 
plane an^ the horizontal? 



15 

2d . 



The test you have just conducted is called an unconfmed compressive strength test. Wliy was the core 
able to stand by itself, unconfined, in the testing device? 



Experiment 3 Data Sheet Shear strength of mud core 



Initial height of core, cni . 

less 

Final height of core, cni 
equals 

Amount of deformation, cm 



Orighial cross-sectional area of core, cm 



LOAD*, g 



Volume 
^ 



Weight 



DEFORMATION, cm 



Per load 
reading 



Cumulative 



SHAPE OF CORE 



Before failure 



After faihire 



DESCRIPTION OF FAILURE 



*For oxpcrimtntal purposas, 



1 mUUHtor (ml) iquaU 1 cubic cantlmotor (cc) of water and weighs 1 gram (q) 
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Experiment 3: Load-deformation curve 

, lOOOr 



900 - 



800 - 



7oa - 



600 - 



■o 500 - 
400 - 
JOO - 
200 - 
100- 



0 0,5 1.0 1.5 2.0 2,5 3.0 
Deformation (cm) 



From the experimental data, determine tlie following: 
a Load at failure (or at 20 percent deformation) 



c 



b Shear strength = - 



I failure load, g 



2 cross-sectional area, cm^ 




c Angle of internal friction 0 = 90 - 2 « 



Just how does water play its important role in affecting slope instability? On soil slopes its role as a 
lubricant is much less than one might expect. With quartz grains, for example, water ^^'"f y '""^P^^^^^^^^^^ 
frictioiwl force and acts as an antilubricant. On the other hand, it has already been pomted out how 
complete saturation destroys the condition of apparent cohesion in partly saturated materials and 
therefore, decreases the strength of these materials. In addition, many clays have the capacity to absorb 
great quantities of water, thereby expanding and increasing in weight; the moisture increases the sep ration 
between the clay particles which, in turn, reduces the electrostatic effects responsible for cohesion; the net 
St besWes II increased weight, is to decrease the consistency of the clays (i.e., make them more 
waterv) and to reduce significantly their shear strength. , r . 

Oth r natural hazards that inaease the likelihood of slope failures include earthquakes and tores 
fires. Earthquakes ofteiKact as a triggering mechanism for large landslides, especia l y where the slopes 
ontain highly fractured ro^k or certain clays that lose muph of their strength when suddenly str ssed (F^ 




FIGS Author inspecting landslide on old Highway 1 (Coast Highway), south of San Francisco. An e«thqu«ke along the 
San AndJ^as fault triggered this feilure; its magnitude was 5.5, and its epicenter nearby. 



18 



^ 

FIG. 9 Part of old Highway 1 removed during a 1957 slide. Location of this vie^ is 1 .mile south of that shown m Figure 
8. Depression on the horizon is the main trace of the San Andreas fault at Bolinas Q.agoon. 



extensive erosion during heavy rains. Mudflows often follow when an area hit hard by forest firei> in the dry 
summer months is exposed to a very wet winter. The Los Angeles area is one in which this destructive chain 
of events often repeats itself. 

Thus, it should be expected that most mass movements would occur after protracted ramfall, when 
the soil becomes saturated, its strength reduced, and its weiglu increased. ^ 

Problem 2 

In outline form, develop a sequence of events to illustrate how each of the following natural factors could 
be effective in initiating a landslide. 



Heavy rainfall 

a 

b 

c 

d . 



e 
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Earthquake 

a 

b 



d 
e 



Stieani erosion 

a 

b 

c 

d 



Forest fire 

a 

b 

c 

d 

e 

\ 




What other natural factors might also be effective in initiating landslides? 



What works of man might bb similarly effective? 





NATURE 

OF THE MOVEMENT 



The general term landslide is misleading because it implies sliding, whereas the types of movement 
assochiled with mass wasting are vuried-ra.iging from imperceptibly slow downslope creep of surface so.ls 
.0 extremely rapid falls of rock fragments through the air. Inherent in this variation speed of momuent 
and" in Figure 10 terms used to describe rates of movement are equated with two scales o( numerical 

"^'""uke'the creep and falls already mentioned, slides, flows, and combinations the.eof are .specific types 
of movement, and their principal attributes may be described as follows: 

Falls are extremely common and generally involve discrete units of rock or consolidated soil 
moving through the air with little or no interaction among the moving units (Fig. 11) Vclocn.es are 
very high, and although the falls may be preceded by minor movements of the .rocks, they generally 
occur quite suddenly. Undercut cliffs are the most conuuon setting for this type ol landslide 
move men I, 



/ 



fl/scc 



Extremely 
raptd 



10 • 
1 

10 * 
10 ^ 
10-i 
10-* 
10'* 
10-^ 
10-' 

io-« 

10-' 



Very rapiil 



^ - I ft/min 



Rapid 



MoUeralc 



Slow 



Very slow 



Extremely 
slow 



10 ft/sec 



5 ft/djy 

S rt/month 
5 ft/year 

I fi/5 years 
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FIG. 10 Approximate ranges of rates of movement, {Prom Varnes, 1958.) 

3o 




FIG. 11 Diagrammatic cross sectiq/i of fall (rockfall). {Modified from Varnes, 1958.) 




FIG. 12 Block diagrams of slides, (a) Debris slido; ib) slump. {Modified from Varnes, 1958.) 



Slides are more complex and result from shear failure between two or more surfaces originally in 
contact ^wilh one another (Fig. 12). Many types of slide failures are recognized, and they are 
differentiated by the nature of the movement of the individual units that are sliding. Some large 
blocks move as a smgle unit on curved or planar surfaces, others may become mixed together during 
the movement. The velocity of movement during sliding varies- from very slow to very rapid. 

Flows (Fig. 13) are an important type of failure in which the mass being displaced takes the form 
of a viscous liquid. Flows occur in many dry and wet soils and rock materials. Movement is generally 




very rapid, 'although the velocity is a function of the size and angularity of the particles, the slope 
gradient, and the moisture content of the materials. * - 
The most common example of mass wastuig is one in which a landslide begins with one type of 
movement an'i continues with another. Figure 14 illustrates the initial sliding of a large block ol 
poorly consolidated material that turned into a now at its base. Some clays, temied wisitive clays, 
lose most of then strength when suddenly stressed, and now like a liquid. If the movement of a large 
block of such a clay were triggered by an earthquake, a complex landslide would result in which the 
initial movement would be called a slide and the subsequent movement a now. 
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MASS-MOVEMENT 
CLASSIFICATION 



Mass movements occur m markedly different soil and lock t>pes and ina> be of almost cver> conceivable 
size and shape. They take place at all elevations and in every climate. This wide range of variables produces 
many different types of failures, which experts have Jassified according to tactors responsible for their 
mitiation and subsequent development. One of the most useful Llassifications. summarised in Table Lwas 
proposed by Varnes m 1058 in a special report of the National Research CounciPs Highway Research 
Board. 

This arrangement classifies mass movements according to type of movement and type of material 
involved in the displacement. The scheme is subdivided further according to moisture content variation 
within the unconsolidated material and to the rapidity and nature of movement within the deformed mass 



TABLE 1 Abbreviated Classification of Landslides, Modified from Varnes, 1958 



TYPE OF 
MOVEMENT 


TYPE OF MATERIAL 


BEDROCK 


SOILS I 


FALLS 


Rockfall 


Soilfau/ 


Few Units 

SLIDES 

Many UniK 


Roialional PLmar 
Slump Block Glide 


Planar RoUiional 
Block Glide Block Slump 


Kockslide 


Debris l-ailure by 
Slide Uueral Spreadinji 


Dry 

FLOWS . 

Wet 


(ALL MATERIALS UNCONSOLIDATKD) 
Rock I-ragmcnu Sand or Sill Mived Mo^ly Plasiic 


Rock'Fragment Sand Loess 
l-low Rapid l-low 

Rapid Debris Slow 
Earihflow Avalanche Eanhflow 

Sand or Silt Debris I'low Mudflow 
Flow 


COMPLEX 


Combinations of Any of ihe Above Maierials or Typc(s) of Movcmem 
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Note ihat ihiJw daJ^Mfication excludestiormal surficial aeep» soliduction, rock glducr»s, and Miuw a\alaiKhcs, 
tliose and other niovenienis are described and discussed in depth later in the module. 

Laboratory Experiment 4 



Equipment 

Landslide box 

One-foot grooved plastic ruler 

Steel ball 

Clay 

Fine sand 

Medium or coarse sand 

Mixture of sand»silt, and clay 

Fine gravel 

Protractor 

Sieves (optional) 

Plastic pan (optional) 

t 

Procedure * * 

a Wid: the movable wall of the clean landslide box appro\nnatel> 8 centimeters from the back wall 
(Fig. 6)» fill the space between these walls with a dry sample of fine gravel to within 3 
centnuetcrs of the top of the box. (Keep the wall pin in an appropnate hole in the handle so that 
the movable wall will remain stationary while you fill the box.) 

b Remove the wall pin» and pull the movable wall all the way to the 'front wall. 

c Measure the angle of repose of the material with the protractor, and record the value under 
**iniiial slope angle" on Experiment 4 Data Sheet A. 



Experinjent 4 Data Sheet A Dry sediments 



• 


^ — —- — 1 - 

SEDIMENT TYPE 


Fine* 
Gravel 


Mixture 


Medium or 
Coarse Sand 


FjjieSand 


Clay 


Initial slope angle 












Adjusted slope angle 












Landslide type 












Landslide sketch 
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(/ With the ruler inserted, numbers up, in a slot on (he oulside of the back wall of ihe box (sec 
Irunlbpiecc), roll the sleel ball againsj the wall 10 limes by letting il roll freely down ihe full 
lenglh of (he ruler until i( strikes the wall. ^Tapping with a small hammer or olher rod is equally 
effective.) 



What natural phenomenon might Ihe striker simula(e? 



e 
f 



Note and record the adjus(ed slope angle in the appropri^place on Data Sheel A, ^ 
Using Ihe classification scheme in Table 1, classify the landslide developed in step b above, and in 
the appropriate spaces on Data Sheet A record ihe name, and draw a cross-sectional sketch 'of the 
slide, * "\ 

Pour Ihe gravel into ils original container, cleanlhe box, and repeat steps a to/with the mixture 
of sand, silt, and clay, the medium or coarse sand, Ihe fihe sand,.and Ihe clay. In each case record 
the data where appropriate on Data Sheet A, clean ihe boJtafter use, and return the sediment lo 
Its container. (If not all materials are available, use those at iSml, and record your observa(ions in 
the spaces provided that are most appropriate.) \ 

Repeat steps a (o/with the fine sand, however, this (ime partly saturate the sediment wiih water 
before movmg (he wall. (The sediment is partly saturated when almost all (he voids are filled with 
water. Make certain that water is not standing above the sediment'^level when you are ready to 
begui the expernnent.) Record your observations in the appropriate spaces on Experiment 4 Data 
Sheel B. (As in some earlier experiments, it is advisable to install the landslide box in a plastic 



Experiment 4 Data Sheet B Partly saturated seclinienis 



Initial slope angle 



Description of slope adjustment 



SEDIMENT TYPE 



Gravel 



Coarse Sand 



Fine Sand 



Landslide type 
Landslide sketch 
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40 ^ ^ ^ 

/ 



t 



pan to prevent water damage to unprotected surfaccji) Do not run this test with wet clays as 
(heir extreme impenneability and cohesiveness make them difficult to manipulate and the 
apparatus difficult to clean after use> 



Account fo the differencei> between the initial and adjusted slopes under dr> and partl> saturated 
conditions. 



Repack and adjust the partly saturated fine sand as you did for step hy however, this time 
completely saturate the sedimer;t so that all the void? are filled with water and water /s standing 
above the sediment level at the time you are ready to pull back the movable wall. Repeat steps a 
to /, and record your observations on Experiment 4 Data Sheet C. (When finished with the fine 
sand, dry it, preferably in a drying oven if available, and return it to its container. Also, clean and 
dry the landslide bo^.) 



Experiment 4 Data Sheet C Saturated sediments 





SEDIMENT TYPE 




Gravel 


Coarse Sand 


Fine Sand 


Initial slope angle 








Description of slope adjustment 








Landslide type 4* 








Landslide sketch 


\ 
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/ Repeat steps h and / with the coarse sand, and record your observations where appropriate on 
Data Sheets B and C. 

k Repeat steps h and / with the gravel, and record your observations where appropriate on Data 
Sheets B and C 



Describe the differences between the initial and adjusted slopes for the same sediment in the dr>, 
partly saturated, and completely saturated states. 



/ Arrange in the landslide box separate layers of gravel, coarse sand, and fine sand, and repeat the 
preceding steps for the stratified sediments under dr}' and partly saturated conditions. (After 
completing this operation, clean and dry the box, and dry, sieve, and return the sediments to 
their respective containers.) 



Describe the effects of stratification on slope failure. 



Account for any differences in the slope angles determined for the single blocks in Laboratory 
Experiment I and the angle of repose measured for the unconsolidated materia! in Laboratory 
Exj)eriment 4. 
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LANDSLIDE 
RECOGNITION 



RECENT LANDSLIDES 

OiiLC a slope has failed, the surface manifestations of a landslide are very dear. As most slides are essentially 
burficial and restricted to re^u////? material (i.e., surface soils and rocks above bedrock), a typical landslide 
scar appears very much like that shown in Fig. 1 5. The arcuate scarp (opening downslopc) at the top of the 
the shde (Fig. 16) and the irregular, huininocky, lobate terrain near its base (Fig, 17) are the most 
distinctive characteristics of such failures. The lobate fv.rin of the debris that has slid becomes more 
pronounced as the sue of the material decreases and as its moisture content increases. Cracks commonly 
radiate out to the lobate front of the slide mass, and many small slump blocks usually occur near its top. 
Rouglily concentnc transverse cracks separate thate small slumps and intersect the radical cracks near their 
base. Departures from this idealized landslide form inaease as geologic controls become more pronounced 
and the soil becomes less homogeneous. 

Owing to disrupted vegetation (Fig, 18), scars on the sides of slopes are often recognizable The form 
ot displacement of slide debris varies considerably . Often, the debris dams rivers, forming a variety of lakes 
and ponds, in other instances-depending on the volume of material involved large sheets of debris 
distinctly ditTerent from the surfaces op which they rest may mantle an area. 

A landshde generally aUers the hydroliigic regime in its vicinity, and unique or anomalous vegetative 
associations often result from the change in the ground-water or surface water conditions, if springs occur 
within tiie slide mass, hydrophilic (water-loving) trees and shnibs may be present, outlining tlie seepage 
area. The slide may also transport distinctive vegetation intact into areas where it contrasts with quite 




PIG. 15 Block diagram of typical landslido form. 



44 



31 



ERIC 



^1 




FIG 18 Landslide scars near Musstl Rock, south of San Francisco. These slides, triggered by the Daly City earthquake 
of 1957, closed the Coast Highway. N.,te the house on the skyline near the edge of the cliff. The main trace of the San 
AndreasVault runs along the base of the scarp from left to rigia. 



different types of vegetation. Trees distorted by landslide movement are also common (Fig. 19). 

Taluses and other rock falls are readUy identifiable because of the broken, angular rocks that 
accumulate at the base of the cliffs (Fig. 20). The similarity between the angular material in the talus and 
the rock in the cliff cK . ..y indicates the source of the debris. In contrast, stream deposiu are better sorted 
and their particles more rounded because of the abrasion they undergo during transport;*^ 

Slide deposits are called colluvium. Like glaciers, landslides can transport debris of varied sizes and 
shapes, but unlike glaciers a landslide rarely displaces material more than several hectometers from its 
source! Therefore, colluvial deposits are very poorly sorted and can contain material of all sizes-from fine 
clays to large angular boulders. Organic debris is also commonly mixed with the deposits. 

At an excavation for a building site near San Francisco,, for example, a piece of partly decayed tree 
trunk was found beneath 15 meters of consolidated sandstone. It could not have been deposited in a 
normal manner beneath the sand sequence, as it would have decomposed in far less time than that necessary 
for the lithification of the sands. A landslide origin was hypothesized, and further stu$iy identified a massive 
prehistoric slide at the proposed development site. With this information, and Iwcause nearby homesites 
had previously suffered severe slide damage, excavation and engineering plans were Mdically altered. 

Colluvial deposits are poorly stratified, and the materials are not well-rounded because they generally 
do not travel far enough to become significantly abraded. They usually come to rest as a structureless, 
chaotic jumble of disoriented debris of varied sizes and shapes. Mudfiow deposits are sometimes an 
exception but only if sufficient water is present in the flow to begin to sort and stratify the material. When 
lithified, colluvial deposits generally form breccias, the specific variety of which depends on the nature of 
the constituent particles. 



INCIPIENT LANDSLIDES 

It is important to be able to recognize incipient slope failures. The clues to such slope conditions are 
generally more tlfan subtle, and ease of recognition may depend on how close a slope is to failing. Features 
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clemonstralmg surface creep often indicate 'a slope condition that if left unchecked could result in a major 
landslide should.the region be suddenly stressed, as by an earthquake. ^ 

Among the first signs of active slide movement are arcuate cracks, parallel {en echelon) Hues of 
cracks, and shrinkage cracks in the surface soil. These are especially significant whbn they are close to steep 
cliffs or recent cuts (Fig. 21). Lines of springs and seeps on slopes indicate thfe presence of permeable 
materials underlain by impermeable soils or rock and the possible presence sHde-prone conditions. 
Undercutting of river banks by actively eroding streams, or of coastal cliffs by stprm waves, creates more 
apparent and different potential slide conditions. 

Predictions about the stability of slopes can be made readily when pertinent pl^ysical properties such 
as shear strength, expansive clay content, or permeability of surficial soils are known. With solid rocks, 
however, structural and lithologic conditions control the tendency of slopes to slide, and site investigations 
by a trained geologist arc required to determine the potential landslide hazard. Among ijie clearest dangers 
to be looked for are bcddmg, joint, or fault planes dipping into an exposed cut or slope -situations depicted 
diagrammatically in Problem 1. Compounding the peril are layers of relatively incompetent (i.e., weak) or 
slippery materials, such as clays, upon which sliding could occur. If these conditions are present in an area 
where earthquakes are common, an extremely higli landslide hazard exists (Fig. 22). 

Thus far, we have considered only natural hazards, but many serious landslides occur because of 
human tampering with the natural environment without completely understanding the consequences. The 
disaster at Vaiont Dam is a case in point. On a less grandiose but more pers^ial level, an individual 
homeowner on a hillside site can significantly affect the stability of the slope on whkjh he lives. 

A person who goes about increasing the size of his backyard by cutting ipfto the base of the slope 
behind his house may seriously affect the stability of that slope. By removing/fnaterial at the base, he is 
removing the support for part of that slope-material that normally acts as a buttress holding back the 
material upslopc. Another common type of slope failure occurs because of poor drdinage-when excess 
moisture gets onto a slope but cannot readily drain off; if the slope is composed of soil, the weiglit of the 
soil is increased while its strength is reduced; and if it is a rock slope, the water may act as a lubricant along 
joint or bedding planes. 





FIG. 2r Cr»cks and smaU Jcarps close to the head of an active mudflow near San Francisco. Note the old paved 
roadway-long since destroyed. 
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FtG< 22 Two Views («and6) of subsidence «t Devils' Slide on the Pacific Coast Highway of San Francisco^ Steeply 
dipping sandstones and shales prtsint a continual slide hazard along this stretch of road. The subsidence shownjn tho 
photos occurred during the heavy winter rains of 1968*1969 which often closed the road. 
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PfiEHISTQRIC LANDSLIDES 

Ancient landslides may be difficult to recognize unless they are of such massive proportions that they dwarf 
surrounding features, if the slide is not very old, its scars and deposits may still be visible on the surface, 
but the evidence for most'prehistoric landslides lies in the rocks. Lithified colluvial breccias in a discordant 
attitude with respect to the surrounding rocks are the clearest proof of such ancient activity. 

Aerial photographic interpretation prbvides an important tool in identifying and outlining shde-prone 
areas. Large-scale low-altitude photos of a large area often are necessary to identify regional slope 
conditions that are obscured and vague when viewed too closely on the ground, in addition, new 
procedures in remote sensing, such as side-looking aerial radar (SLAR) and multiband photography, provide 
techniques for enhancing topographic and vegetative features indicative of landslide conditions. 

Althougli most landslide/^seem to occur stiddenly and without any warning of the impending failure, 
this may be attributable m part to man's inability to recognize early-warning signals. These may include 
widening cracks m the soil, small earth slides that precede larger ones, and even warnings by animals. 
Preceding certam large landslides, animals have been observed rapidly leaving the vicinity, and on other 
occasions an extreme uneasiness has been noticed among those creatures most intimately in tune with the 
earth. Perhaps man will someday be able to harness this animal sensitivity to natural hazards and convert it 
nito Jandshde earlv-warning systems. Until then, however, we must learn to accurately assess the hazard 
before we tampertvith the land. 
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STABILITY 
ANALYSIS 



The purpose of a stability analysis is to determine whether a slope is about to fail or is inherently stable. 
Such a vital analysis involves evaluating the relative magnitudes of the forces tending to oppose failure and 
those tending to produce it. These forces act differently for rock and for soil slopes, as illustrated in the 
following examples. 



ROCK SLOPES 

Stability of rock slopes is primarily a function of the geologic structure and lithologic choracteristics of 
rocks a. the site. Failure generally occurs along well-defined planes of lithologic or suuctiirai signiricance 
(he., bedding planes or fracture surfaces), and it starts when the strength of the rock is exceeded by the 
driving forces tending to initiate downslope movement. 

The block diagram in Figure 23 portrays an outcropping sandstone block resting conformably on a thin 
shale bed, both /f whiclvdip eastward at angle the shale bed delineates the most likely plane along whicii 
failure miglit o^cnr. Line AB is a profile of an imaginary slice througli a sloping surface. The factor 



A 




B 



FIG. 23 Factors of rock slope stability analysts. 
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Sillcty ;i inciiMuc of (he slope's stability -will be calculated for a wklth, or thickness T. of a slice of the 
slope« 

In Figure 23, the force tending to oppose failure is the shear strength of the shale bed uctiiig,(overa 
thickness D along the length L of the contact between the shale and the sandstone layer The force tending 
to produce movement is that somponent of the weight of the block Ji' acting down the slope (U' sin 0) 

For a given width of slice of thickness if S times L is greater than W sin 0, the slope will not fail, 
for there will be siifricieiit strength within the rocks to resist the force of gravity on the mass of the rock 
(gravity X mass - weight)/Tlie ratio between the resisting and driving forces is commonly called factor 
of safety ox safety factor (S.F,), this indication of the relative slabihty of the slope is ileterniined by the 
equation 

\ sum of opposing forces >S7^7* 
Slim of driving forces ll'sin^? 
The slope is stable when the factor of safety is greater than 1, When it is less than K failure should 
occur if it has not already done so. With a factor of safety of I , failure is inipenJing. 

Figure 24 illustrates diagrainmatically the factors in a stability analysis for a rock slope where the 
sliding of a sandstone block over a shale layer Js ininiincnt. (The Unglish system of units is used in this 
example to facilitatrease of comparison with examples in the literatuie,) The area of the sandstone block is 
determined by counting the squares in the cross section (53 X 100 square feet per square = 5300 square 
feet), and the wciglit of I cubic fool of sandstone is given as.4l^5poiinds. 




Sandstone blocK 



Slulc 



F,G 24 StabilitY-analvm cross section ol rock slope. S ^ 1000 Ib/f ,= (given). L " f « <^=f " ^ 
30 (scaled from cross section). W - (orea (5300 ft' 1 x thickness (1 f tl x density ( 135 lb/ft' 1 ) - 71 5.500 lb. 



S.F. 



For tins pnrticulaf exiiinplc. assuming a l-loot-tluck slice being ;iMaI\ vod. the safety factor 
SW 1000 X 220 ft X 1 ft _ 220.000 _ 



0.()16 



W sin 0 71 5.500 lb X 0.5 357.750 

Because the safety factor is less than 1, the slope is unstable and should I'ail. 
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Problem 3 



Following the procedures employed in the above example, determine the safety factors (and. therefore, the 
relative stabilities) for the slopes depicted below. Use the same values as those given previously tor -ale. 
sliear strength, and rock weiglit. 
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SOIL SLOPES 



Slope failures m homogeneous soils differ from those in ruck m that the surfaee of failure (slip surface) is 
generally arcuate in shape and not related to any specific structural or lithologic boundary. 

The anal) SIS again uivolves the determination of diose forces tending to initiate and those tending to 
resist the landslide. However, because the impending movement has a circular form and would cause 
rotation of the soil mass» a different method of analysis, moment analysis, is employed. With this method, 
one calculates the tendency of a force to turn or rotate a body about an axi|. The moment (or measure of 
the magmtude) of a force about the center of the failure circle (which determined experimentally) is 
obtained by nuiltiplymg the force magnitude times the perpendicular distar. * from the force to the center 
of the circle. ; 

As illustrated in Figure 25, for a given thickness T, the moment tending lo initiate movement equals the 
weiglit of Che slide mass 1^ (acting througli the center of gravity of the mass) times the perpendicular 
distance D between li'and the center of the failure circle* 

The moment tending to resist movement^ for a slice of thickness r> equals the available shear strength 
S of the soil times the length L of the circular arc over which it is acting times its perpendicular distance R 
from the center of the failure circle. 

The factorjof safety, then, is equal to the resisting moment divided by the initiating moment. Relative 
to the elements in Figure 25, thesafety factor 

SLRT 

S.F. = 

WD 
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FIG. 25 Factors of soil slopa-stabi' y analysis. 




Slip circle 



FIG, 26 Stability-analysis cross section of a homogeneous soti slope, S * 800 lb/ft' (givon). 0 = 100^' (scaled from cross 
stctionl. /? " 120 ft (scaled from cross section). D » 50 ft (scaled from cross section). W » (area (5100 ft* ) X thicknojs M 
ftl X density (120lb/ftM) *612.000lb. ^. 



Figure 26 illustrates an example of moment analysis of a soil. As in Figure 24, English system units 
are used to lanlitate comparison with examples in the literature. The area of the slide >^ass, determined by 
cpunting squares (51 X 100 square fc^t per square), is 5I0O square feet, and the \veiglitol|l cubic foot of 
soil is given as 120 pounds. * 

The equation for the lengUi of I = (angle subtended by the arc/180°) X tt X radius R\ in this 
example,! = (100^/180'') X 3.15 X 120 ft = 210 ft. 

Therefore, with all parameters known and assuming a I foot -thick slic^ is being analyzed, the safety 

factor 



S,F. 



SLRT ' 



800 lb/ft" X 210 ft X 120 ft X i ft 
6 12,000 lb X , SO ft * 



20,160,000 



= 0.67 



* 30,600,000 

Because the safety factor is less than I, the slope is unstable and should fail! 
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Problem 4 ^ 



Drawn below arc vrus^ sections of three different soil slopes. Determine the safety factor and tlic .stability 
for each, given that the llnckncss of the slice is I foot» the unit soil weight is 120 pounds per cubiv. foot, 
and the soil shear strength S is 800 pounds per square foot. 




V 



What is the gradient ol each ot the slopes in degrees and in percent slope* 
vertical distance 

(Percent slope ^ X 100) ^ . 

hori/ontal distance 

Slupe Degrees Percent slope 

a 

h 
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LANDSLIDE 
CONTROL AND 
CORRECTION 



LantlNlides are nalure's ineiliod of achieving slope stabihl\ oi, moie eLiboralel\, lha! LOiKiilioii ot 
quasi^Hiuilibnuin in which a sk)pe is sleep enough to ponnit its piodikts ot wealhermg and erosion to be 
transpoited away and yel not so steep that it wili Liil suddenly bv mass nuneinent When in the pro\iinii\ 
ot hoiuesites or othei inan-niade siriutures, howe\er. j landslide ina\ be a vei\ expensive and disastious 
means ot atlaiinng stabilit\ one in which the soluUon is tar worse than the problem (hig. ID. Ilowevei. 
coirective measiiies tan be taken lu prevent inciptcni landslides mosi otten b\ contiolling ihe 
ifn/Jm^if the slopes. co\\^u\\cU\\^ reuiinitig \v(2lls, oi b\ combinations ot the three. 

Controlling the drainage is generally the least expensive way to stabili/e a slope and often the most 
ettective. The goal, tor reasons given earlier, is to nimiini/e A\c amount ot nioistuio seepuig into the slope 
One method is to coal the slope with a sealant or cover it with plastic, as is done in some legions wb 
slides ^i^ur dunng heavy raiiitall and extensive damage is iiiiniiiient. However, most diainage umiiols 
involve directmg the water a\\a\ lioin the slope. This nia\ be done In paving areas neai the tops ot slopes 
and collecting the ruiiott ni gutters, or by digging nitott treiithes tilled with crushed lock or gravel to 
miercept and divert the t1ow of ground water from the area of concern. 

Drilling hori/ontal wells containing perforated pipes is a LOiiinion way of dewaiering large slopes, 
espociallv along liigliway cuts. Tlie.se pipes are designed to inteicept the How of water through the sk^pe and 
cairy it oti lapidly to some central sump or drain, they are .soineiiiiies visible as many iiitciconiiected pipes 
at ilie base ot a slope along a Inglivvay. Planting vegetation that draws much moisture from the ground is 
.uu>thor excellent and beaulituf means uf keeping slopes dry l'xteiu:ive giound cover, especially ot 
broaddeaved plants, also helps to prevent liglu rainfall from ever reaching the ground. 

A more elaborate but very etTective method of preventing slope failures involves changing the sliai>e 
ot the slope by grading. Gradmg lecliiiuiues are intended to rednte the slope grat^ieiit, and this is achieved 
most etfectively by removing material iieai the tup of the potential slide mass and placing it near tlielnise as 
a reconipacted buttress till. In addition to reducing the grjdieiit, this procedure removes material Iroin the 
area where additional weiglit lends to initiate slides, and the buttress till prevents further movement by 
adding weight to the toe of the slide area. Soiiieliines there is nisufticient space available to reduce the 
gradient sigmticantly , in plan vievC^r a'cliff 25 meters high covers nuiLli less hori/onlal distance if nearly 
vertical than it gently sloping. In tliese iiislaiices, a common alternative is to bench or cut step.s into the 
sti»pe Small gutters at the base of each step direct slope runolT away from the slide areas. Interiupiing 
the slope gradient with benches also tends to reduce the velocity ol runoit over the slope and thereby 
decrease slope erosion. 

It tiie preceding methods ot slope control prove iiielfeclivc, some sort oi lelaimng structure must be 
buili In its simplest foini, it is a sturdy, deeply embedded wall at the base oi a slope generally backtilled 
with drain rock and provided with outlets through the wall so that excessive hydrostatic pres.sures cannot 
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FtC. 27 Damage caused by the Red Bock Hill tandsltdo in San An$eimo» California, the slide occurred suddenly in the 
winter of 1967 1968 after a period of very heavy rainfall, io) Landslide scar, {b) apartrnent complex destroyed shortly 
after construction was completed but, fortunately, before the tenants to be moved (c) apartment complex pushed 
ahead of the rapidly moving landslide. ^ . 

O ( 

44 



build up at tiie base of the slope. More elaborate approaches include rock fiiied cribbing, deep pilcb to 
consolidate the slope, heavy wire mesh to prevent rock falls, and rock bolting together layeib of ruck when 
their stmctura! attitude is potentially hazardous. 

Special situations often require unique solutions (Fig. 28). During the construction of Grand Coulee 
Dam on the Columbia River, a refrigerant was pumped through pipes forced into a slowl> moving bhdc luabb 
which was endangering die project. The slide material was a saturated silt, and the icfngerant froze the pore 
water in effect cementing the silt and, thereby, increasing its strength and haiung the slide. Other bhde 
masses, depending on the materials of which they are composed, ^,an be hardened b> cementation, chemical 
treatment, or electroosmosis a method in which an electric field is applied to a clay mass and the 
interstitial water is forced to flow from positive to negative electrodes implanted in the ground. 




FIG. 28 Water pipeline, normatly underground^ rests on ground surface where, encased m protective steel sleeve, it 
crosses an active mud flow. 
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MISCELLANEOUS 
RELATED 

EXPERIMENTS >< 



The lollowmg expeninenb deinoiibtrate maiMuade slope instabilities, quicksand, piping, and rapid reservoir 
drawdown. Those utilising water bhould be performed with the landslide box installed in a plastic pan to 
prevent water damage to unprotected surfaces. After one completes each experiment, the apparatus should 
be cleaned and dried and the sediments dried, and if necessary sieved, before returning them to their 
respective storage containers. 



Equipment 

Landslide box 
Fine sand 

Wooden coffee stirrers or ice-cream sticks 
Medium or coarse sand, or fine gravely 
Plastic pan (optional) 
Lead weight 

One-foot grooved plastic ruler 
Steel ball 

Teu'centimeter nail 
Clay 

Sieves (optional) 



MAN-MADE SLOPE INSTABILITIES 

The alteration of existing slope conditions during the construction of houses on, or adjacent to, steep slopes 
often leads to unstable conditions. The following experiments simulate some of these situations 



Procedure 

a Using procedural steps a and b of Laboratory Experiment 4, prepare in the landslide box a slope 
of fine sand at its natural angle of repose. Then carefully remove material from the toe of the 
slope; this is analogous to increasing the backyard area of a house at the base of the slope. 
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Describe what occurs when material is removed from the toe. 




\ 




• \ * 




\ 

\ 

\ 

\ 




How might material be removed and the slope stabiUty be preserved? 


• 


\ 

J 




t 





Repeat step a, but before removing the material construct varied kinds of retaining walb with the 
wooden coffee stirrers or ice-cream sticks. 



Draw a cross-sectional view of the structure that most successfully resists slope failure. 



Repeat step (/ with material of different gfain size (e.g., coarse sand) 



Compare the results with those observed using fine sand^ 



d With the landslide box in the plastic pan, construct in the box a slope of fine sand at its natural 
angle of repose. Then, carefully add water to the top of the slope. 



Describe the consequences. (Varied results will occur depending on how the water is added ) 



<3k 



What situation in nature niiglit this experiment simulate? 



e With the vieaiied and dried landshde box in the plastic pan and with a slope of dry fine sand at its 
natural angle of repose in the box, cut a small bench midway up the slope to simulate* the 
excavation of a foundation pad for a lioi^se. Place the lead weiglit (representing a house) on this 
bench. 

/ 



, Note the consequences when: 
1 V/atci is added to the top of the slope^. 



* 2 The toe of the slope is excavated. 



3 The steel ball is rolled repeatedly down the ruler to strike the back wall of the box, simulating an 
earthquake. 



QUICKSAND 

The ability of^noncohesive earth materials^ prunaru^ sands, to bear weight is significantly dccieased by 
fluids bubbling up througli them under pressure. Only noncohesive materials are affected because the 
property of^ohesion present in clays prevents the ready passage of fluids througli the clays. 

Erroneous impressions have been publicized concerning the ability of sands under fluid pressure to 
bear the weigiit of a man. If nontuibulent pute water is able to buoy up the weight of a man, certainly any ^ 
material denser than, water can buoy this same weiglit more readily. Any attempt to propel oneself through * 
this denser medium would obviously be very difficult and would probably serve to displace material and aid^ 
settling within the quick:jand. However, the belief that people or animals are somehow dragged down into 
quicksand is false. 



Procedure 



With the white rubber liose connected at one end to the plastic syringe and M the other to 
the rubber stopper bearing the metal tube, clamp the water-filled Syringe to the back wall of the 
landslide box and insert the stopper covered by the gauze filler into the middle hole in the 
bottom of the box. Then, after positioning the movable wall approximately 10 centimeters from 
the back wall and locking it in place with the wall pin in the appropriate hole in its handle, fill 
with fine sand the space between these walls to a level A centimeters from the top of the box, 
orienting the nail horiiontally in the sand immediately over the central water inlet. Now, slowly 
expel the water from the syringe, and bubble it up througli the stopper. 



What happens to the nail? 



b Increase the pressure of the water from the^yringe, 



Note the change in the subsidence of the nail. 
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c Cluiiigc the orientation of the nail, and resume bubbling the water into the box. 



Describe what happens to the nail. 



d An interesting adaptation of this experiment employs dry day as the sediment and compressed 
air as the fluid. Clean and dry the box, syringe, hose, stopper, and filter. Then, repeat steps « ioc 
using dry clay in place of the sand and air in place of the water in the syringe. 



Describe the results. 


















Why would this experiment 


not work as well with sand and air? 
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Why would this experiment not work at ull with ciSy and water? 



PIPING 

When water moves with appreciable velo^t> througli sand, it can pick up and transport grains, leaving voids 
in their place. Tins process tnay develop large .holes where the sand ladcned flowing water intersects a i>lope. 
In addition, surface subsidence often occurs above the zones of niovlng water. 

Procedure 

Replace the hose-bearing stopper in (he bottom of the landslide box with the solid sto()per, then, as in the 
quicksand experiment, position the movable wall rouglil> 10 centmioters from the back wall, locking it in 
place with the wall pin. After placing the box in the plastic pan, fill the space between the movable and 
back walls with fme sand to a level 4 centimeters from the top of the box, anjJ saturate the sand cumpietely 
so that the .water stands above the surface of the sediment. Remove the lower cork in the movable wall, Uiis 
cork is analogous to a wall drain plug. ^ 



Note the results, particularly what happens at the surface of the sand. 



RAPID RESERVOIR DRAWDOWN 

When severe flooding is expected, die level of water in flood-control reservoirs is often lowered rapidly to 
jnake room for the anticipated influx. When this occurs, the ground water in the reservoir banks will for 
a short time be at a higher level than that of the main water body. 
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With rfinoval of the balancing pre^ure of the reservoir water against the banks, the weight of 
ground wtiter Within the soil tends to aid the development of a sliding failure. If the soils are 
noncohesivc and permeable, piping may also be initiated. 



Procedure 



With the movable wall and its handle remove'' from the landshde box, construct against the back 
wall of the box a slope from a mixture of fine .sand and clay that is at least 6 centiinelers higli 
and has a steep gradient. Slowly flood the box with water to the level of the top of the bediinent 
mixture. , 



Explain any adjustment in the slope gradient. 



b From the bottom of the box, remove the rubber stopper nearest the front wall, and al/ow the 
water to drain off, 



Describe the resulting tonditions. 
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EXAMPLES OF 

TYPES OF 

MASS MOVEMENT 



CREEP 

Slow downlnll movement by creep is the result i)f gravitational forces acting on near surface materials. It is 
the doinuiant process of mass wasting and yet the least dramatic in terms of surface manifestations. 
Measured raic^ of movement of surface soils and rock fragmenis ma\ be as low as a few millimeters per year 
on gentle slopes of less than 5^ or as high as 10 centimeters per year on slopes of 4(f . 

The effect of creep is greatest at the surface ami gradually decreases with depth because there is no 
sharply detlned failure plane between particles that have moved and those that have not. The force of 
gravity is aided by alternate periods of expansion and contraction of the soil expansion and contraction 
associated, respectively, wnh wetting and drying (in soils with a higli da) content) or with freezing and 
thawing On more granular soils). When expansion Occurs, soil particles are lifted upward at right angles to 
the slope. On contraction^ the pull of gravity draws the particles downward vertically, regardless of the 
angle of inclination of the slope. The result is a net downslope movement. This mechanism also accounts 
for the slow seasonal movement of large rock fragments down a slope, when caused by expansion and 
contraction due to the freCiiing and thawing of trapped waters it is called frost heaving. Because of its 
dependence on periodic alternations, creep is primarily a seasonal but not a continuous occurrence, and 
because the effect of movement decreases with depth, there aie no well defined landslide scars. 

Additional factors i^ffecting slope movements by creep are reworking of surface soils by burrowing 
animals such as earthworms and rodents, growth of vegetation, vausing soil wedging, decay of vegetation, 
causing voids thai become filled by particles from higher in the slope, and solution of soluble minerals in 
^the soil, likewise creating voids that may fill with materials from upslope. The continual trampling by 
gracing animals on some slopes forms small steplike features called terracettcs which appear to move slowly 
downslope as gracing continues, however, some terracettes ha\e other origins and may be related to swelling 
phenomena in clays. 

Surface evidence for creep is very common but less obvious than evidence for other types of mass 
movement. The downslope tilting of man-made struv,tures» such as telephone poles, fences, retaining walls, 
and monuments, is very distinctive. Trees with trunks bowed concavely upslope are also clear indicators of 
slow downslope movements, when creep occurs, the trunks of young trees are tilted downslope in the 
direction of the movement, but as growth proceeds^ the trees continue to grow vertically, causing their 
frunks lo develop their diagnostic bend (Fig, 29). 



SOLIFLUCTION 

Sohfluvuon IS an imperceptible type of downslope flowag? of water saturated surface materials that occurs 
normally in periodically frozen areas, hi regions where the ground freezes to great depths, thawing occurs 
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FIG. 29 Curved tree trunk bowed up$lope, indicating surface movemont to iho left. 



j»lu\vly from the surface downward. When thawing begins, surplus water cannot percolate uilo the 
siilMro/eii ground, and the surface soils become saturated. »With their weight increased, these soils then 
flow very slowly downslope. often forming lobate features called soli/luction lobes. 

Sohfluction proceeds at rates sliglitly greater than those for creep, but the main difference between 
the two IS ni the moisture content of their materials. Sohfluctiun requires a very higli moisture content, 
whereas creep may octur m materials that are completely dry. In arctic regions, solilluctioy is an important 
mechanism for transporting large amounts of debris tVoin higlier to lower elevations. 



ROCK GLACIERS 

Another remarkable type of slow flowage involves poorly sorted angular rock fragments and occurs in the 
valleys of mountainous frozen regions. These rock materials form tonguelike ridges or lobt^s whiJh 
apparently flowed down out of the mountains. They generally contain great thicknesses of rocks from the 
higlier chffs, and their lobatc form suggests that they have moved down the valley by .some sort of flow 
mechanism. They are called rock glaciers because of their similarity to glacial forms. and they are bdieved 
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lu move a lesult ul the flow of the jnterstitiai ice surrounding the rock fragments Their formation 
leqinrci sleep M'h. a neaf-glacia! chmatc, and bedrock that b broken b> frost action into coarse block) 
debris with large interconnected voids Some move as much as SO centiineiers per yi*ar. 

COMPRHSSE|)-AIFK.UBRICATION 

In some recently investigated landslides, the form uf the shde mass and nature oi tlie materials sngge.t a 
mode of movement significantly ditYerent from anything previou:,l> studied. The lilackhawk slide m the 
San Bernardino Mountains of southern California is one example. A thin sheet of mtensel> fravtured marble 
occurs on an alluvial tan surface that slopes gently away from the mouth of Blackhawk Canyon at an angle 
of about 2^^"". the sheet is in the fonn of a lobe about 3.2 kilometers wide and 8 kilometers long 

The shde mass comprises an almost pure marble breccia that ^onspicuousK lacks any fine grained sill 
ui clay matenal. Strangely? surface wrinkles on the slide iiia^s are concave: duwnslope instead of convex (the 
normal attitude found in other smiilar slides), and elevated sand ridges are present along its edges These 
unique surface forms, coupled with the p\}ii\c over how such a mass of material could have traveled so far 
on Mivh a gentle slope, have led investigators to hypothesize that the slide mass traveled on a layer of 
(.ompresj^eJ air that was. trapped during the init/al mass movement inucH like a giant hoveraaft moving 
rapidly just a few inches over llie ground surface. 

As the , slide mass is present at the base of a mountain range about 500 meters high, the veiouty of a 
ruck tall from such a lieiglit could have been enougli to quickly trap and compress a layer of air beneath the 
tailing mass. This layer of compressed air would then^ct as a lubricant, allowing the material to travel such 
a great distance. The anomalous surface featu'^es associated with the slide might also owe tliejr form to tlii'' 
unique mode of movemeot. This hypothetical mechanisnu aitlioiigli still only poorly understood, is oeiiig 
used to explain a host of puzzling landslide features. Prime among these are the large volumes of material 
that have moved great distances at enormous velocities while traveling over surfaces of very low gradients 



FALLS ^ • 

Thruugli mass wasting, rocks often accumulate at the base of a cliff m a coiie-sliaped surface deposit known 
a? a talus. Taluses are common m areas where the rocks are heavily iVactured or jointed, or where jesistant 
rock units are underlain by comparatively nonresistant matetials. Both of these situations favor 
accumulation of large angular blocks at the bases of slopes, the gradients of which a?e related to the 
composition of the rocks and to the distance and.kind of surface over wliicli they have fallen. 

The farther rock falls down the slope, the more it is broken up, and the finer it becomes Where 
panicles of vaned sizes are introduced at the rop of the talus, however, tlie jarger rocks owing to their 
greater momentum generally travel farther dowi* the slope and accumulate near the base. This results in a 
progressive downward sorting of rock fragments from finer to coarser. 

The amount of vegetation growhig on a talus cone indicates the activity on that slope. Continually 
tailing debris prevents vegetative. growth » whereas a healthy stand of trees and shrubs indicates that little 
material i.* being introduced at the head uf the cone and that weathering of the rocks to soil is proceeding 
without much distrubance (Fig. 20). * 

A longitudinal profile of a fresh and active tatus is gener^il^ quite straight, with a constant slope angle 
of about 35*". This gradient approximates the angle of repose for the constituent rock fragments. Variations 
occur when fine materials are ihtroducQd and become lodged between the coarser blocks to form locally 
steeper segments. Increased weathering oit an inactive part of a. talus also reduces, the size of the rock 
tragjnents and locally decreases the gradient. Similar profiles, representing other dynamic-equilibrium 
conditions, may occur in stream draintige systems, on hill slopes, and along ^^^^ ^^>^st. This smiilanty 
mdicates that uniformly consistent land-fot^ring mechanisms operate over the entire surface of tlie earth a 
reasonable expectation considering that ihe materials involved (rocks, soil, and sediment) are essentially the 
same and only the^medium througji which they n\ove (air» water, and ice) varies. Understanding a fcv/ basic 
principles of land-forming processes,. therefore,- eni^bles one to appreciate why the landscape appeafs as it 

does, . 

Althougli relatively unspectacular talus accumulations represent tlie most commci^ type of»rock fall. 
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iiiutii laigci catasirvjpliK futk talU^j^tKh at» the one al Vaiont Dam. have otLurred throughout hiblor> They 
tJeLOiiic^^iiune i.iMitjiKiu ( I ) where humaib interlere with natural slope conditions^ and (2K^vherc the geologic 
^tructuies or lithologies tavor iudi movement. 

A classic example of the first situation occurred m 1881 in Lhn, Switzerland, where, as a result of 
extensive slaie quarrying, a block 600 meters higli had been undercut and the slate beneath it reihoved ^ 
large tis^sure developed behind ihe undercut block, and the block became nitreasmgly saturated with runoff 
tiom laie sumnier rains, thereby weathering and weakening the already shattered rotks witihn A short tune 
later the entire block about 7.6 million cubic meters ol niatenai crashed suddenly to the quarry tloor, 
filled the valley at its base, rushed up the opposite slope to a height of about 100 meters, and destroyed 
everything in its path leaving 1 1 5 persons dead in its wake. The gieat velocit>vS of the falling debris in this 
rockfall and the distances it traveled, atcordmg to eyewitness acvount^, suggest ihat the moving niass may 
have been buoyed up on a cushion of compressed air. 

When tnggeied by llie Good Friday earthquake on March 27, l%4,some ,^0 million Lubic meters of 
rock lell CnX) meters down the side of ChugaLh Mountain near Cordova, Alaska, and thtMi slid at high speed 
5 kilometers across the nearly level Sherman Glacier. The movement of thi^ large, steeply dipping highly 
jointed tabular blo^k of massive sand:>tone and argillite (which toinposed the western uppermos' face of a 
Matteihorn hke peak- now informally called "Shattered Peak") occurred along a bedding surlace withm the 
sandstorc -an example illustrative of geologic controls. 

The Alaska landslide is also noteworthy because it appears to have slid across a part of Sherman 
Glacier .without having scoured much snow off (he surface. Thi^ suggests thai tho movement occurred on a 
cushion of trapped compressed air, similar to those hypothesized lor the Blackhawk and Elm slides 
Because part of the lower end of the glacier has been covered by an insulating layer of slide debris, 
geologists are also studying the expected advance of the terminus !o determine the effects of this sudden 
change in the thermal regimen. 



SLIDES 

The great vanety of mass movements caused b> shding of two or more units pas; one another reflects the 
complexity of tins type of displacement and may be best described ihrougl* a number of typical examples. 
When the failure surface is planar, the slide is termed a block glide. When large blocks remain intact and 
slide on curved failure planes, the slides are termed i/»/?2ps an extremely common type of slope failure 

An example of a block glide occurred at Point Femiin, aear Los Angeles. In addition to the major 
block ghde itself, which took place along the bedding surface inclined 15"" seavyard. small rotational masses 
slumped into the gap at the rear of the main block, and imminent rockfallsare present at the sea cliff This 
block has been r^iovmg sporadically and slowly since 1^)29. most of the slippage occurring after periods of 
heavy rainfall. 

One of the most distinctive features of a slump is that the entire block usually rotates backward 
during Its descent as a result of sliding on a curved failure surface. In the southern Colorado plateau, such 
blocks have developed m diffed sections of gently dipping strata composed of alternating sandstones and 
shales. Wciting of die shales causes them to act as a lubricated slip surface upon which the sandstones then 
slide. This distinctive type of slump has been called a Toreva block, after a nearby Indian site, and as 
"Tli^^^esenl climate is semiarid. these prehistonc slides are thouglit to have occurred during the 
Pleistochae Epoch, when the region is believed to have been humid. 

Oi] the evbning of August 17. 1959, a severe earthquake jarred the area along the Madison River west 
of \ elK^wsloae National Park, setting off one Very l^rge landslide and several smaller ones. At a nearby 
campground^ the mother of a family saw her husl)antl ''grasp a tree for support, then saw him lifted off his 
feet by the an Dia^t and 'strung out like a flag before he let go. Before she lost consciousness slie 5aw one of 
her children blown past her and a car tumbling over and over." (Hadley, l%4.) The tremendous blast of air 
was caused by a large landslide on the side of Ihe valley opposite the campgrohnd. Approximately 31 
million cubic meters of rock and debris slid into Madison Canyon, damming Madison River (to fonn 
Hcbgen Lake), burying the nearby higliway to depths of 60 meters, and claiming 26 lives. 

This partjcu.ir type of mass movement is cdWtA ^rockslide, a distinctive type of slide failure in which 
the rock.x a<e broken up and moved as a large disaggregated mass, in contrast to the slumps and block glides 
previously descnbed. The geologic conditions were such that a slide in this area was inevitable, awaiting 
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only the appropriate mitidtuig conditions. In tins case, it was the earthquake that jarred louse a large block 
of sheared and altered bch^si and gneiss that rested about 200 meters above a deeply incised, undercut part 
of the Madison Canyon. 

A famous rockslide occurred rn 1903 m the coal-mining town of Frank, Alberta, when some }\ 
imllion cubic meters of rock crashed downward from the crest of Turtle Mountain, 1000 nieleis above the 
town. Seventy persons lost their lives m this disaster a disaster that could have been predicted had tlie 
geologic conditions been known. 

Joints in the limestone forming Turtle Mountain dipped steeply toward the valley and were being 
' enlarged and extended by solution and frost wedging. The valley it.self is underlain by weaker sliales that 
were slowly being deformed by the weight of the limestone above Coal iiuning in the valley was further 
weakening the base upon which the limestone rested, and earthquake tremors had earlier sliakeii the entire 
region. Finally, the limestone mass broke loose and. at speeds estimated at 100 kilometer^ pej^iuur. rushed 
down the mountain side. 

Althougli initially a roclislide, this heterogeneous nia.ss of rock, soil, and debris is thought to have 
moved mainly as a viscous fluid in which the material, although dry . flowed iri a manner analogous to that 
of a liquid. This type of mass movement has been teiined d rock avalanche and is a very coinple.x form of 
slope failure not tlioruiiglily understood but very coniinon. It i^ especially coniimm in mountainous terrain 
covered by blankets of snow which are readily capable of incorpoiatmg rock and soil mto a flowing i.iass. 



Hows are possible depending upon the si/e. variety, and moistuie content of the nKiteril(ls. 

The most destructive landslides in recorded history, and a diaii.atic example of dry Hows, were the 
loess flows that occurred in 1920 in Kaiisu Province, China. The great Kaiisu earthquake of December 16 
jurred loo^t gigantic nla^ses of loess (unsiratifu i deposits of windblown silt) and moved them down 
mountain sides, inundating populated valley areas up to 5 kiloin^ers m length. More than 100,000 people 
were killed in this catastrophe, but because of poor coinnmiiicatioiT^ word did not reach the rest of the 
world until months after the disaster. (As the Climcsc have no term for landslide, they aptly de.scribed the 
devastated area ixsShan tso-liao- where the riioiiiitaiiis walked.) 

Among the niorc dramatic events of this disaster was the burial of Ma the Benevolent, a famous 
Moslem fanatic, and 300 of his *'ollowers as they were mecUng in condave to proclaim a holy war. While 
the plotters knelt on their prayer nuts, an avalanche sealed the ^avc m whicii they had gathered, and only 
the watchman at the entrance survived. The others were so deeply buried that not even after months of 
digging m an area over !,5 kilometers square were the Mo.slem seardieis able to recover the bodies of their 



In another district, a mountain topped by a temple slid into a valley. A little beyond, a road bordered 
by poplar trees rode the crest of a slide for 1.2 kilometers without -»ppaient damage to the t' :s or even to 
tlie bird*" nests in their brandies. Elsewhere, an astonished peasant peered from his window in the morning 
and discovered that a high hill had invaded his homestead, its foot having come to rest only a meter or so 
from his hut. 

In another village, the only survivors were a couple, each of whom was over 70 years old. They were 
spared only because their children, with unusual disregard for filial piety, had banished them lo a house on 
the outskirts of the town. Inhabitants of the area interpreted the death of their descendants as pr.oof tliat 
Heaven had punished the family for its lack of parental respect. 

Althougli the loess flows occurred in a dry state, most miuiflows require saturated or near saturated 
condnioiLs. As the name implies, mainly fine-grained niatenals are involved, but mudflows are cipable of 
moving large boulders and, depending on the moisture co; vcnt and the slope, move as fast as 35 centimeters 
per second. Mudflows approximate most dosely viscous liquids in form ,ind mechanism of movement, and 
they occur most often after periods of heavy rainfall (Fig. 30). 

The Los Angeles area, for example, is beset with many natural hazards, prime among which are the 
disastrous mudflows that occur after some heavy winter rains. The d.y suiiirtiers produce a severe tire 
ha/aid as* well, and when a particularly bad fire season is followed by a wet winter, the danger is 



FLOWS 
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FIG. 30 Mudflow in saturated days. The lobaie forms approximate t^^ose of a viscous liquid. 



Mgnificantly increased. The fires destroy the natural ground cover, allowing QXtensive erosion of the surface 
to Occur. Wheirthis happens on steep slopes, niassivc mudflows which ofteiyfollow sometimes move so fast 

r and with such force that people are unable to escape from their path, nota^^e examples occurred during the 

^ disastrous winter of I968«I969. ^"X^ 

On Octoher 21, 1966, after a period of very heavy rainfall, 144 persons (including 116 young 
children who had just arrived at school) died when tons of water logged coal mine spoil rushed down the 
side of Mynydd Merthyr at Aberfan, Wales. The coal-mine waste piles, known as spoil tips, are generally 
located in, the most convenient location near the mine, with only minor regard to the matter of slope 
stability. In this catastrophic mstanc^i, the spoil tips rested on the slope of a hill above the town. After a 
period of heavy rainfall, during which the weight of the material was increased and its strc ' reduced, the 
entire mass suddenly flowed down the hillside. 

Up to that ume, little thouglit had been given to the stability and safety of spoil tips. Following a 
length) court of inquiry , extensive investigations were made into the safety of existing tips, and emphasis 
was placed on the need for a fuller awareness of the principles that underlie even the most commonplace of 
human interferences with nature, 

v^' in the summer of !925, a landsUde blocked the Gros Ventre River 6.4 kilometers above Kelly, 

Wyoming. In this slide, soil and rock became disjii^gregated immediately after the initial movement and 
flowed down the side of Sheep Mountain as a debris flow. About 38 million cubic meters of rock, sod, and 
vegetative debris plunged down the valley side and rushed some 120 meters up the opposite wall l>cfore 
settling back into the valley and damming the river. 

The mass that slid was part of a jointed sandstone unit which rested on a clay bed above a limestone 
formation. The structural attitude was such that all beds dipped gently (15 to 20'') into the valley. It was 
only a question of time until the clay layer became sufficiently lubricated b> raintall that it could no longer 
bear die weiglit of the overlying sandstone. This occurred on the afternoon of June 23, following heavy 
rainfall and snowmelt of the preceding spring. 

As is apparent from the preceding examples, mudflows occur in higtily varied forms. In regions of 
explosive volcanic activity, the fine pyroclastic matenal that mantles the slopes is especially susceptible to 
flowage. If the loosely consolidated, fine powdery-ash debris becomes water saturated, it leadily flows with 




the consistency of a thick paste. Such a volcanic mudflOM overwhelmed and buried the Roman city of 
Herculaneum when Mount Vesuvius erupted in A.D. 79. 

The Alaskan Good Friday earthquake of 1964 caused a great variety of landslide damage. The most 
destructive of these slides was at Turnagain Heiglits in Anchorage, where the calamitous failures resulted 
from a loss of strength in sand lenses underlying massive clay deposits. Apparently, the earthquake's ground 
iiu/iioni» liquified the interbedded sands and silts, forcing them to flow out from beneath the fMays, which 
then had to readjust, causing large slumps. In some places, they dropped 12 meters and moved laterally as 
much as 700 meters. Whenever great thicknesses of sand were present, the shaking from the earthquakes 
resulted m particle readjustments within these noncohesive materials. Subsidence took place where the 
sediments were restricted and could not flow, and stiuctures, such as telephoncfpoIesTwere suddenly raised 
1 to 2 meters as the ground settled beneath them. ^ 

At Valdez, and Seward, Alaska-both coastal communities built on saturated unconsolidated deltaic 
deposits~the greatest damage occurred at the docks, where lacge submarine slumps and mudflows 
destroyed most of the structures. Similar submarine flows also accompanied the Grand Banks earthquake of 
November 18, 1929, in this area soutiieast of Newfoundland the movement of a density current initiated by 
the slumping was measured precisely as it ripped across and severed 13 transatlantic telegraph cables. 
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APPENDIX A: 
MODULE EQUIPMENT 
AND MATERIALS 



I 



Required (supplied with the equipment 
paclcagej 

Inclined-plane apparatus (Fig. 3), with base, 
two boards, thumbtacks, and two sheets each 
of "clay" paper ^,600 grit), fine sandpaper ( 1 20 
grit), and coarse sandpaper (36 grit) 
Sandstone blOwk, rouglily 5X5X2 cm. 
Protractor 
Lead weiglit. 
Plastic squeeze bottle 

Two beverage cans (one with perforations m 
the base), both open at the top 
One-cup plastic measuring cup 
Landslide box (fronti.spiece^uhFig. 6), with 
clamp'On plastic syringe; white rubber hose; 
four rubber stoppers, two smaller and solid, and 
two larger one solid and one with metal tube 
inserted, gau/.e filter, and knurled brass wall pin 
One-ft (30.5*cni) grooved plastic ruler 
Piston corer (Fig. 6) 

Shear-strength testing apparatus, (Fig. 7), with 
rectangular wooden base plate, white plastic 
ruler, l/2 gallon plastic jar with screw top and 
attached trapezoidal Plexiglas plate; two 
5M6Mnch wood dowels and cotter pins; and 
loose trapezoidal Plexiglas sheet (= upper plate 
of load applicator). 
One-thousand-ml graduated cylinder 
Red rubber hose and clamp 
C clamp 
Ten-cni nail 
One^m. steel ball 

Wooden coffee stirrers or ice-cream sticks 



Required (not supplied) 

Quart container each of: 
a Clay* 

b Fine sand or silt 

(' Medium or coarse sand* 

d Mixture of sand, silt, and clay (approxi- 
mately 50 percent medium«coarse sand, 25 
percent silt or fine sand, and 25 percent 
clay) 

e Fine gravel, angular or rounded, with dia* 
meter of rouglily 0.5 cm 

I'^or sieve sizes, see Appendix B. 

Because of their weiglit and the cost of 
shipping, the above materials are not supplied with 
the equipment package, but they can be purchased 
inexpensively (generally in lOO-lb sacks) at most 
building materials suppliers. Fire clay and Mon« 
terrey sand work well for the clay and medium- 
sand materials, and they can be combined to form 
the mixed sediments; roofing gravel is suitable for 
the fine gravel. If all the materials are not available 
locally, those marked above with an asterisk 
should be given preference as they are the most 
important and demonstrate best the principles 
discussed in the text. 



Accessories (not supplied) 

Sieves. A set of graduated sieves is useful for 
separating sedimentary materials mixed for, or 
during, the experiments. If none is available for 
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laboratory use, an adequate set of four plastic 
sieves (with wirC'Screen mesh numbers 6, 20, 
40» and 100)-designed for use with ESCP 
materials-may be purchased for S9.50 (at \ht — . 
tunc of publication) from Hubbard Scientific 
Company, Northbrook, lUinois 60062» or from 
SIX interlocking plastic sieves (with brass wire* 
screen mesh numbers 10, 18, 35, 60, 120, and 
230) is marketed by both Hubbard and Ward's 
(again, at the time of publication) for $28.00, 
the product is called a sieve screen set by 
Hubbard, a screen-plankton sieve set by Ward's. 

Plastic pan, rouglily 42 X 20 X 5 cm, in which 
inchned*piane apparatus and landslide box may 
be placed when used with water. 



Multiple Utility of Equipment 

The two most specialized pieces of equipment, the 
landslide box and the shear-strength tester, have 
additional experimental uses with geologic sig* 
nificance. ^ 

The landslide box may be used for (1) 
sedimentation experiments (e.g., building deltas 
and alluvial fans, demonstrating stratification), (2) 
geomorphic experiments (as a small stream (able), 
and (3) structural experiments (e.g., deforming 
multi;.oloVed clay layers to simulate folds and 
faults). 

Tfie shear-strength tester may be used for 
structural experiments (e.g., determining force 
orientations-used in conjunction with strain ellip* 
soids; demonstrating properties of materials). 
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APPENDIX B: 
GRAIN-SIZE SCALES 
FOR SEDIMENTS 



Scienii.stNjiul engineers who work with setlnnents 
Lomnionly cK<ssity grains according to a size scale 
first pioposed iVbL Udden but modified later by 
Went worth. Most >|f the grain-size boundaries 
occur at points such tliH^ne is twice the size of 
the next smaller grade. Bec!tH;>e these boundaries 
are equally spaced on loganthinic scale': Kruni- 



bein defined ihe^ v^phi unit (0), whole -number 
multiples of which couk! serve to divide the entire 
sue range of particles. Relationships among the 
scales are brouglit out in the chart tliat follows; 
note that the units slunvti, indicate tlie lower 
boundary of a category 



U.S. Stancfard 
Sieve Mesh No. 


Diameter* 


Phi<> 


Wentworth Size Class 




;»2.56. cm 
(about I in.) 


^ 8 


Houldcr 




64 nini 


6 


Cobble 


«;5 


4 mm 


-2 


Pebble \ 


Grave! 


10 


2 mm 


-1 


Gniiuilc J 


18 


I mm 


0 


Very Co»lr^e Sand \ 




35 


0.5 mm 


1 


Coarse Sand 




60 


0.25 mm 


2 


Medium Satid 


* Sand 


120 


125 mr\ 


3 


I'ine Sand 




230 


62.5 um 


4. 


Vcrv Fine Sand 




320 


31 un\ 


5 


Coarse Silt n 






15.6 niw 


6 


Medium Silt 






7.8 Aim 


7 


Tine Silt 


1 Mud 




3.9 *jm 


8 


Very I'ine Salt 






< 3. 9 urn 


>8 


Clay ^ 





*1 cm * 10 mm ' 10,000 micromotors (^m), formtrly called microns (^). 
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